Retinoic acid receptor-β 2 (RAR-β 2 ) is a putative tumor suppressor gene in various cancers.
To determine the underlying molecular mechanisms, we transfected RAR-β 2 cDNA into esophageal cancer TE-1 and TE-8 cells and found that RAR-β 2 suppressed tumor cell growth in vitro and tumor formation in nude mice in TE-8 cells, whereas the stable transfection of RAR-β 2 did not restore retinoid sensitivity or inhibit tumor formation in nude mouse in TE-1 cells. Molecularly, we revealed that RAR-β 2 antitumor activity was associated with expression and suppression of cyclooxygenase-2 (COX-2) in these tumor cell lines. Moreover, antisense RAR-β 2 cDNA induced COX-2 expression in TE-3 cells. Furthermore, when COX-2 expression is first blocked by using antisense COX-2 expression vector, the effect of RAR-β 2 is diminished in these tumor cells. In addition, we analyzed expression of RAR-β 2 and COX-2 mRNA in tissue specimens and found that RAR-β 2 expression is associated with low levels of COX-2 expression in esophageal cancer tissues. Induction of RAR-β 2 expression in oral leukoplakia tissues after the patients treated with 13-cis RA correlated with a reduction in COX-2 expression and clinical response. Our findings indicate that some of RAR-β 2 antitumor activities are mediated by suppression of COX-2 expression in some of these esophageal cancer cells. After correlating antitumor effect of RAR-β 2 with COX-2 expression in the published studies, we also found the association. Thus, further studies will determine whether manipulation of COX-2 expression in different cancers can antagonize RAR-β 2 activity.
A great number of studies have shown that the expression of retinoic acid receptor-β 2 (RAR-β 2 ) is frequently and progressively lost in various premalignant and malignant human cells and tissues and that this loss is associated with the process of malignant transformation of different epithelial cells (for reviews, see refs. 1, 2) and with the poor prognosis of patients with neuroblastoma (3) . Furthermore, cigarette smoke has been shown to cause morphology changes and the loss of RAR-β 2 expression in the lung tissues of animals (4) , and cigarette smoke and the tobacco carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone have been shown to induce the methylation of the RAR-β 2 gene promoter in murine lung cancer (5) . Our previous studies similarly showed that benzo[a] pyrene diol epoxide, a carcinogen present in tobacco smoke and environment pollution, and bile acid, a tumor promoter in the gastrointestinal tract, suppressed RAR-β 2 expression in premalignant and malignant esophageal cells and that ben-zo[a]pyrene diol epoxide induced the methylation of the RARβ 2 gene promoter (6, 7) . In addition, the apparent immortality of cultures isolated from oral dysplastic lesions was associated with the loss of RAR-β 2 , p16, and mutated p53 expression and with increased levels of telomerase reverse transcriptase mRNA, but only the loss of RAR-β 2 and of p16 was responsible for the immortalization of the cultures (8, 9) . This finding showed the importance of RAR-β 2 expression in suppressing tumorigenesis. Indeed, the restoration of RAR-β 2 expression inhibited the growth of various cancers, induced tumor cells to undergo apoptosis, and suppressed cancer development in vitro and in vivo (for reviews, see refs. 1, 2). Notably, epigallocatechin gallate, a chemopreventive agent extracted from the tea plant, has been shown to bind to DNA methyltransferases and reactivate RAR-β 2 expression in esophageal cancer cells (10) .
Although the precise molecular mechanisms responsible for these RAR-β 2 -mediated effects on antitumor activities are as yet not fully understood, our previous studies showed that RAR-β 2 suppressed the expression of the epidermal growth factor receptor, activating protein-1, and cyclooxygenase-2 (COX-2) and the phosphorylation of extracellular signal-regulated protein kinases 1 and 2 (7, 11) . The purpose of our current study was to further elucidate the molecular mechanisms underlying the antitumor effects of RAR-β 2 . We found that some RAR-β 2 antitumor activities are mediated by suppression of COX-2 expression in some of esophageal cancer cell lines. If tumor cells do not express COX-2, then the induction of RAR-β 2 expression has no effect in them.
Materials and Methods

Stable transfection of RAR-β 2
The expression vector pRC/cytomegalovirus (CMV; Invitrogen) containing RAR-β 2 cDNA was stably transfected with Lipofectin (Invitrogen) into esophageal cancer TE-1 cells (to make TE-1S4 and TE-1S16 cells) and TE-8 cells (to make TE-8S20 and TE-8S22 cells) or antisense RAR-β 2 cDNA into TE-3 cells (to make TE-3A3 and TE-3A5 cells). pRC/CMV vector only transfectants in TE-1, TE-3, and TE-8 cells, named TE-1V1, TE-3V1, and TE-8V1, respectively, were also established. The stable cells were selected by using 400 μg/mL G418 (Invitrogen). The expression of exogenous RAR-β 2 cDNA or knockdown of RAR-β 2 expression was measured by Northern and Western blotting (see ref . 11) . These sublines were grown in a monolayer in DMEM with 10% fetal bovine serum and 200 μg/mL G418 at 37°C in a humidified atmosphere of 95% air and 5% CO 2 .
Protein extraction and Western blotting
Nuclear or cellular protein was extracted as described previously (6, 7, 11) . Samples containing 50 μg of protein from each subline were then separated by 10% to 14% on SDS-PAGE gels and transferred electrophoretically to a Hybond-C nitrocellulose membrane (Amersham Pharmacia) at 500 mA for 2 h at 4°C. The membrane was subsequently stained with 0.5% Ponceau S containing 1% acetic acid to confirm that proteins were loaded equally and to verify transfer efficiency. The membranes were subjected to Western blotting by overnight incubation in a blocking solution containing 5% bovine skim milk and 0.1% Tween 20 in PBS at 4°C. The next day, the membranes were incubated first with primary antibodies and then with horse anti-mouse or goat anti-rabbit secondary antibodies (Amersham Pharmacia) for enhanced chemiluminescence detection of antibody signals. The antibodies used were anti-RAR-β (Santa Cruz Biotechnology, Inc.), anti-COX-2 (BD Transduction Laboratories), and anti-β-actin (Sigma-Aldrich).
Cell viability assay
Stable RAR-β 2 -transfected and vector only-transfected esophageal cancer cell sublines were maintained in 200 μg/mL G418 and then treated with or without 1 μmol/L all-trans RA (ATRA; Sigma-Aldrich), NS398 (12.5 μmol/L; Biomol Research Laboratories, Inc.), or their combination for 5 d, with the medium refreshed at day 3. For assaying the cell viability, the cells were fixed with 10% trichloroacetic acid and stained with 0.4% sulforhodamine B (Sigma-Aldrich) in 1% acetic acid, and the absorbances were determined by using an automated spectrophotometric plate reader at a single wavelength of 490 nm. The experiments were done in triplicate and repeated thrice. The percentage of control cells was determined by the following equation: ODt/ODc × 100, where ODt and ODc are absorbances of treated and control cultures, respectively.
Colony formation assay
Two thousand cells from the sublines were mixed in low-temperature melting agarose (0.35%); they were then placed on top of solidified agarose in 60-mm-diameter dishes and incubated in a humidified atmosphere of 95% air and 5% CO 2 at 37°C for 21 d. DMEM at both the bottom and the top of the agarose contained either 0.01% DMSO (solvent, as a control) or 1 μmol/L ATRA. DMEM containing 10% fetal bovine serum (with or without ATRA) in a 0.5-mL volume was added on top of the dishes after 3 d and then refreshed every 3 d. At the end of the experiments, the dishes were stained with 0.2 mL of 0.2% p-iodonitrotetrazolium violet at 37°C overnight, and the colonies were counted under an inverted microscope at a ×20 magnification.
Animal experiments
In accordance with our Institution-approved Animal Care and Usage protocol, nu/nu nude mice (6-8 wk of age) were each injected s.c. in the right flank through a 22-gauge needle with 1 × 10 7 tumor cells mixed with 50% Matrigel (BD Biosciences) for a total volume of 200 μL per mouse. The animals were then monitored for tumor formation until most tumor burdens from the RAR-β 2 -transfected TE-8 sublines disappeared. The tumor mass volumes, measured weekly with a Vernier caliper, were calculated as follows: length × width 2 / 2. At the end of the experiments, these volumes were plotted as the mean ± SD.
Immunohistochemical staining of Ki67 after transient gene transfection
Esophageal cancer cell lines TE-1, TE-8, HCE-4, and SKGT-4 were grown in monolayer overnight and transiently transfected with either pCMS/enhanced green fluorescent protein (EGFP; BD Clontech) plus pRC/CMV vector or pCMS/EGFP plus pRC/CMV/RAR-β 2 by using Lipofectamine 2000. After 36 h, the cells were treated with 400 μg/mL G418 for additional 24 h. Similarly, these cells were first transfected with pCMS/EGFP vector plus pcDNA3.1 vector or pCMS/EGFP plus pcDNA3.1/COX2-AS. When GFP was expressed in these cells 2 d later, RAR-β 2 expression vector was then transfected into these tumor cells for 48 h. After that, the cells were then fixed with 4% paraformaldehyde for 10 min at room temperature to preserve the GFP and permeabilized in 0.5% Triton X-100 for 10 min at room temperature. The cells were then subjected to Ki67 immunostaining as described previously (12) . Ki67 antibody was purchased from Vector Laboratories and diluted at 1:50 in PBS. Afterwards, more than 200 cells in 10 fields of 20× objective were counted for positive staining of GFP (green) as well as for positive or negative Ki67 (red) staining in these cells. 16 ) with a fee. The data are presented as mean of the percentage of β-actin for each RNA sample. The primers for RAR-β 2 were 5′-T T C C C T C A C T C T G C C A G C T-3 ′ a n d 5 ′ -C G A G T T C C T C A -GAGCTGGTG-3′, which generated an 86-bp fragment, and primers for COX-2 were 5′-GCAGGGTTGCTGGTGGTAG-3′ and 5′-ATTT-CATCTGCCTGCTCTGG-3′, which generated an 84-bp fragment.
Tissue samples and in situ hybridization
Our institutional review board approved our protocol for the use of patient samples in this study. Briefly, we examined paraffin-embedded sections of tissue biopsy specimens left over from our previous study of oral premalignant lesions before and after a 3-mo treatment with isotretinoin (13-cis RA; ref. 13 ) to determine the presence of RAR-β 2 and COX-2 mRNA expression. These sections, which included five paired pretreatment and posttreatment sections, seven individual pretreatment sections, and six individual posttreatment sections, were subjected to in situ hybridization according to our established protocol (14, 15) .
Review and scoring of sections
The stained sections were reviewed and scored for RAR-β 2 and COX-2 expression with a microscope (Olympus America, Inc.). The sections were scored as negative (0), weakly positive (1), positive (2), or strongly positive (3) based on the staining intensity and the percentage of cells with staining.
Role of RAR-β 2 in Human Cancer
Results
Tumor-suppressive effects of RAR-β 2 associated with expression and suppression of COX-2 After we introduced RAR-β 2 cDNA into COX-2-negative TE-1 esophageal cancer cells, the stable transfection of RAR-β 2 restored RAR-β 2 reexpression in the sublines (Fig. 1A) but surprisingly did not restore the sensitivity of these tumor cells to RA treatment ( Fig. 1B and C) , in contrast to what occurs in TE-8 cells (see ref. 11 ). By doing nude mouse xenograft experiments to test RAR-β 2 antitumor activity in TE-1 and TE-8 sublines, we found that RAR-β 2 did not suppress tumor development in RAR-β 2 -transfected TE-1 sublines but did in RAR-β 2 -transfected TE-8 sublines (Fig.  2) . We then analyzed COX-2 expression in the sublines from these two cell lines and found that COX-2 is expressed in TE-8V1 cells but significantly reduced in TE-8S20 and TE-8S22 cells. In contrast, TE-1 sublines do not express COX-2 at all ( Fig. 3) , indicating that RAR-β 2 does not suppress tumor cell growth and colony formation in vitro and tumor formation in vivo in TE-1 cells if COX-2 is not expressed. Moreover, after we introduced antisense RAR-β 2 cDNA into TE-3 cells that express high level of RAR-β 2 but low level of COX-2 (see refs. 11, 14) , COX-2 expression was up-regulated in the antisense RAR-β 2 stable sublines ( Fig. 3) , which was also associated with induction of tumor cell growth and resistance to retinoid treatment (see refs. 5, 11) .
We then surveyed additional esophageal cancer cell lines by using transient transfection of RAR-β 2 expression vector, which has eliminated the selection bias of stable transfection. Our data found that RAR-β 2 -reduced tumor cell proliferation (Ki67-positive staining) was indeed associated with the levels of COX-2 expression (e.g., HCE-4 cells expressed higher levels of COX-2 and RAR-β 2 shows more reduction in Ki67-positive cells), whereas SKGT-4 cells expressed lower level of COX-2 and RAR-β 2 shows less effects in the cells (Fig. 4) .
Furthermore, we did additional experiments to block COX-2 expression in these esophageal cancer cell lines using transient transfection of a COX-2 antisense expression vector, and 2 days later, we transfected a RAR-β 2 expression vector into these cells. We found that the antitumor effect of RAR-β 2 is diminished in all three COX-2-positive esophageal cancer cell lines, although the separated transfection of RAR-β 2 or antisense COX-2 had effects in suppression of these tumor cell proliferation (Fig. 5 ). However, in COX-2-negative TE-1 cells, these transfections do not have any effects in suppression of tumor cell growth (Fig. 5 ), indicating that some of RAR-β 2 antitumor activities are mediated by suppression of COX-2 in these cell lines. The results showed that the role of RAR-β 2 in suppressing tumor formation is dependent on COX-2 expression.
Expression of RAR-β 2 mRNA associated with low levels of COX-2 mRNA in ex vivo
Using Q-RT-PCR assay, we analyzed expression of RAR-β 2 and COX-2 mRNA in esophageal cancer tissue specimens and found that the expression of RAR-β 2 mRNA is associated with the low levels of COX-2 mRNA in the tissues (Table 1) . Moreover, when we examined tissue biopsy material from our previous clinical retinoid chemoprevention study to confirm this finding, we found that RAR-β 2 mRNA was expressed in 4 of 12 (33.3%) pretreatment sections and 9 of 11 (81.8%) posttreatment sections. These data matched those of the original study, in which we found that RAR-β 2 expression was lost in oral premalignant lesions but that 13-cis RA could up-regulate it (13) ; there was a correlation between these results and the clinical responses of the patients. Furthermore, COX-2 mRNA was expressed in eight (66.7%) of the pretreatment sections and five (45.5%) of the posttreatment sections. Treatment with 13-cis RA up-regulated RAR-β 2 expression in four of the five paired sections, which correlated with a reduction in COX-2 expression and with the clinical responses of the patients. In only one case did 13-cis RA not induce RAR-β 2 expression or reduce COX-2 expression, and the patient from whom the biopsy material was obtained progressed to oral cancer. Photomicrographs from one representative case are shown in Fig. 6 .
Effects of combination of COX-2 inhibitor with RA in esophageal cancer cells
The results from the current study have shown that RAR-β 2 can suppress COX-2 expression, whereas knockdown of RARβ 2 protein up-regulated COX-2 expression in COX-2-positive esophageal cancer cell lines. Therefore, if we combine COX-2 inhibitor, such as NS398 that blocks COX-2 enzymatic activity, with RA that can induce RAR-β 2 expression, their antitumor activities should increase. Indeed, our experiments found that a low dose of NS398 (12.5 μmol/L) itself does not have much antitumor activity, but it can additively increase the effect of ATRA in inhibiting growth of some of esophageal cancer cells (Fig. 7) .
Discussion
From the results of the current study, we can conclude that some of RAR-β 2 antitumor activities are mediated by suppression of COX-2 expression in some of esophageal cancer cells and in patients with oral premalignant lesions. If COX-2 is not expressed in TE-1 cells, RAR-β 2 does not suppress the growth of these esophageal cancer cells in vitro and in nude mouse xenografts. However, knockdown of RAR-β 2 expression up-regulated COX-2 expression in RAR-β 2 -positive esophageal cancer cells. Furthermore, combination of COX-2 inhibitor, NS398, with RA can additively increase their antitumor effects in some of esophageal cancer cell lines.
It is well documented in the literature that the induction of RAR-β 2 expression inhibited growth of different cancer cell lines in vitro and in nude mice. Our current study found that the antitumor effects of RAR-β 2 were associated with expression and suppression of COX-2 in some of esophageal cancer cell lines. It may also be true in other studies, although such an association was not reported in the original publications. For examples, an earlier study showed that lung cancer cell lines H157 and Calu-1 expressing transfected RAR-β 2 exhibited the decreased tumorigenicity in nude mice (17) and these tumor cells expressed COX-2 protein (18) . RAR-β 2 also suppressed growth of breast cancer cells (19, 20) in vitro or metastases in a mouse xenograft model (21) and these breast cancer cell lines (such as T-47D, MDA-MB231, and MDA-MB435) all expressed COX-2 protein when they are cultivated in serum-containing growth medium (22, 23) . Nevertheless, it is an exception (i.e., MCF-7 cells usually expressed undetectable levels of COX-2 protein but it can express COX-2 in serum-containing medium; refs. 22, 24) . RAR-β 2 had an effect on inhibiting the growth of breast cancer MCF-7 cells (20) . In addition, RA induced RAR-β 2 expression in various premalignant lesions in different clinical chemoprevention trials (13, (25) (26) (27) (28) . For instance, in our study that provided the biopsy sections examined in this one, we showed that the expression of RAR-β 2 mRNA was selectively lost in premalignant oral lesions but could be restored by treatment with 13-cis RA and that the restoration of RAR-β 2 expression was associated with a clinical response (13) and COX-2 suppression (shown in current study). However, human lung cancer cell lines exhibited resistance to RA treatment, which were either due to noninducibility of RAR-β 2 expression or lack of COX-2 expression in these cells (18, 29) . In particular, non-small cell lung cancer H1944 and H460 cells expressed both RAR-β 2 and COX-2, which showed growth-inhibitory effects by RA treatment, whereas H522 cells expressed very low levels of COX-2 and showed little response to RA treatment (compared the data from refs. 18, 29) .
Indeed, our previous studies showed that induction of RAR-β 2 can suppress COX-2 expression in esophageal cancer cells (7, 11) and the current study showed that RA can inhibit COX-2 expression in patients with oral premalignant lesions.
An earlier study also reported the suppression of COX-2 expression by RA (30) . Furthermore, RAR-β 2 suppression of COX-2 expression is known to occur through the epidermal growth factor receptor/extracellular signal-regulated protein kinases 1 and 2/activating protein-1 molecular pathway (7), although further investigation is needed to thoroughly understand the underlying molecular events responsible for this suppression.
COX is the key enzyme in arachidonate metabolism and catalyzes the biosynthesis of prostaglandin H 2 , the precursor 6 . In situ detection of RAR-β 2 and COX-2 mRNA expression. Paraffinembedded sections were from patients with oral premalignant lesions treated with 13-cis RA for 3 mo. Biopsy specimens were collected both before and after treatment and processed for in situ hybridization analysis of RAR-β 2 and COX-2 mRNA expression by using digoxigenin-labeled probes. cancer cell lines TE-1, TE-8, HCE-4, and SKGT-4 were first transfected with pCMS/EGFP vector plus pcDNA3.1 vector or pCMS/EGFP plus pcDNA3.1/ COX2-AS. Two days later, GFP was expressed in these cells. We then transfected RAR-β 2 expression vector into these tumor cells for 48 h. After that, the cells were stained for Ki67 immunohistochemically. for prostanoids (for a review, see ref. 31) . Prostanoids, such as prostaglandin E 2 , have been thought to play a role in controlling neoplastic and nonneoplastic cell proliferation, angiogenesis, and immune functions (32) . In addition to COX-1, which is constitutively expressed in many tissues and thought to be involved in the homeostasis of various physiologic functions, the level of the isozyme COX-2 is elevated in numerous human cancers, including head and neck and esophageal cancers, and is inducible by various agents, such as growth factors and tumor promoters (30, 31) . COX-2 has been thought to promote carcinogenesis and the malignant phenotype of tumor cells because of its ability to increase the production of prostaglandins, convert procarcinogens to carcinogens, inhibit apoptosis, promote angiogenesis, modulate inflammation and immune functions, and increase tumor cell invasiveness (31) . Indeed, many studies have shown the antitumor effects of nonsteroidal anti-inflammatory drugs (NSAID) on different cancer cell lines, including cancers of the colon, lung, prostate, head and neck, breast, and pancreas (31) . Our previous studies have shown that the inhibition of COX-2 enzymatic activity with NSAIDs, such as NS398 or aspirin, induced apoptosis of esophageal and colorectal cancer cells by inducing mitochondrial release of cytochrome c and then activating caspase-9 and caspase-3 in these cells (32, 33) . The inhibition of COX-2 by different NSAIDs has shown promise in preventing different cancers in patients despite their side effects on the cardiovascular system (34) . In addition, it was reported that black raspberries reduced mRNA and protein expression le-vels of COX-2, inducible nitric oxide synthase, and c-Jun as well as the level of prostaglandin E 2 in esophageal preneoplastic lesions in animals treated with the N-nitrosomethylbenzylamine (35) . Most recently, Brown et al. (36) reported combination chemoprevention study of COX-2 inhibitor with retinoid in breast cancer and their data showed that the combination was substantially more effective than either drug individually. Molecularly, the combination treatment of celecoxib with LGD1069 significantly reduced mammary prostaglandin E 2 level (36) . These studies will have significant effect on our future cancer prevention. The results from our current study also support the findings (36) . However, there seem to be retinoid-sensitive or COX-2 inhibitor-sensitive or COX-2 inhibitor-resistant tumor cells. More studies, therefore, need to determine how these tumor cell lines respond to this combined treatment. Collectively, our current and previous findings linking RAR-β 2 to the suppression of COX-2 expression highlight a novel molecular pathway. If tumor cells do not express COX-2, induction of RAR-β 2 expression has little effects in some of these tumor cells and this finding may help us to explain some failure of RA in clinical cancer prevention trials (37, 38) . However, a full understanding of this pathway may translate into better control of different cancers.
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